In northeastern North America, a largescale program of aerial forest spraying with insecticides to reduce damage from the spruce budworm [Choristoneurafmiferana (Clemens)] has been under way for decades. DDT was applied in the 1950s and 1960s, and fenitrothion and aminocarb were applied in the 1970s and 1980s. Use of Bacillus thuringiensus (Bt) was more common in later years and into the 1990s (1) . The use pattern we highlight is that of aminocarb in its formulation as Matacil 1.8D. This formulation contained 4-nonylphenol (4-NP), a known xenoestrogen (2, 3) , as a primary solvent at about three times the weight (182 g/ha) of the active insecticidal ingredient aminocarb (usually 70 g/ha) (4). Matacil 1 (5-) . The provinces of Quebec and Newfoundland continued to primarily use the Matacil 1.8D formulation into the mid-1980s. Extensive areas were sprayed in many years, with a peak combined program (all jurisdictions) in excess of 2 million hectares (1, 4) .
Because there are well-studied populations of Atlantic salmon (Salmo salar Linnaeus) in the areas where Matacil 1.8D was applied, it is not unreasonable to expect that if detrimental effects of Matacil 1.8D exposure occurred, they might be detected as changes in the salmon catch data. Atlantic salmon is an anadromous species with a complex life history. Eggs are deposited in freshwater in nests in the gravel bottom of rivers during late October and early November. Upon hatching, Atlantic salmon go through four stages in freshwater: alevin, fry, parr, and smolt. This process usually requires 2-3 years. After reaching a critical size, the stream-dwelling parr undergo metabolic transformation into smolts (8, 9) , the process during which they become physiologically adapted for life in sea water. Around the smoltification period, the developing salmon also imprint to their home stream (10) . Smolts hold in pools or in the mouth of the river before migrating to sea during May and June. Once the smolts have left the freshwater river system, population assessment at sea is difficult. After 1 or more years at sea, Atlantic salmon typically return to their native river to spawn. Salmon that return after one winter at sea are referred to as 1 SW (one sea winter) fish and would be counted as small salmon or grilse in the recreational catch. Those that return for the first time after 2, 3, or more years at sea (2SW and 3SW fish) are called large salmon. Some repeat spawning occurs; however, the percentage is typically < 10% (11) .
A single or repeated pulse dose of Matacil 1.8D could be expected in many salmon streams between mid-May and mid-June, depending on the year and timing of the spray program to match the local development of the spruce budworm larvae. This timing places Matacil 1.8D in the streams and rivers coincident with the latter stages of parr-smolt transformation. In this paper we describe evidence of a relationship between the use of Matacil 1.8D in Atlantic Canada and historical declines in catches of Atlantic salmon. The association is evaluated on both a local and regional basis with respect to increased mortality of salmon smolts subsequent to forest spraying. The evidence is summarized according to epidemiological criteria, and information from commercial blueback herring [Alosa aestivalis (Mitchill) Table 3 . Figure 1 . Extent of eastern North America spruce applied. For this calculation, spray blocks in Events to be included in Table 3 were budworm infestation at about its peak in 1975, and forest improvement areas were estimated to screened against five criteria: the distribution of salmon rivers in the same area. The year of expected effect was predicted for rivers and years for which we found a significant exposure, and adjusted to account for the predominant habits of the biological component of the particular salmon fishery (i.e., whether mainly ISW, 2SW, or 3SW returns). This approach, consistent with Ritter (31) in his assessment of the 1977 smolt mortality, grouped returning fish as small (mostly 1 SW) and large (2SW or 3SW) fish. The year of expected effect was then used to define an 11-year period of comparison for each river, which included the year of expected effect, the 5 years before, and the 5 years after. Change in catch was calculated by expressing the catch of the year of expected effect as a percentage of the mean of the previous 5 years. When 5 years of data were unavailable before the year in question, the closest 5 years were used. Changes in catch were calculated for each spray event in the same manner for all 11 years and ranked according to all reductions calculated over the period. To assess the probability of predicting a reduction based on an exposure as compared to the probability of predicting a reduction by chance, a KolmorgorovSmirnov goodness-of-fit test was used on the rank data to test for a random distribution of predicted events (56) .
Other spray formulations. In addition to the Matacil 1.8D exposures, we gathered a set of exposure events for both Matacil 1.8F (flowable formulation of Matacil without 4-NP) and fenitrothion. These were assessed by the same five criteria as described above for the Matacil 1.8D spray events. For Matacil 1.8F, we obtained a set of eight events from five rivers that had been sprayed in 1984, 1985, or 
Other salmon life stages. While compiling data on salmon catch, we also gathered information from the same assessment reports on fry and parr and their abundance and assessed the presence or absence of association in data tables from numerous New Brunswick rivers over time.
Blueback herring. (57) . Like salmon smolts, young blueback herring will experience an osmoregulatory change as they move from fresh to salt water. They recruit to the fishery typically at 4-5 years of age (58) (59) (60) (61) (62) (63) Table 2 . This subset of data was used for the Spearman rank correlation test. Within the 1977 data for smolt mortality, there was a significant relationship (Spearman rank correlation, p<0.025), which suggested that where Matacil 1.8D was sprayed, the smolt mortality increased ( The evidence of a coincident population decline in another species suggests that the effects of the forest spraying of Matacil 1.8D could have been fairly broad. Adult spawning, eggs, or larvae of blueback herring represent the possible life stages to be affected, rather than smolts as is the case with Atlantic salmon. Experimental corroboration of the sensitivity of spawning or early life stages of blueback herring to Matacil 1.8D would support the plausibility of this argument. The case for effects on blueback herring in the Miramichi is compelling because commercial catch records indicate that they were present in freshwater during heavy spray applications in 1979. This is potential corroborative evidence in another anadromous species.
Epidemiological Criteria
When monitoring natural populations in relation to contaminant exposure, it can be difficult to establish a causal relationship similar to that derived experimentally. In these instances, the principles of ecoepidemiology are useful in providing a framework upon which to build a balanced judgment (69) . We arranged the information about the Matacil 1.8D applications and salmon populations according to seven epidemiological criteria (i.e., probability, time order, strength of association, specificity of association, consistency of association, predictive performance, and coherence) to arrange information about the hypothesis that Matacil 1.8D caused reductions in Atlantic salmon catch. Table 6 summarizes an assessment of how each criterion contributes to our hypothesis. Regression analysis of salmon catch and exposure for the 1977 smolt class in the tributaries of the Restigouche River drainage basin, Spearman rank correlation of the returns of the 1977 smolt class over a broad geographic range, and the KolmogorovSmirnov test of salmon catch in different rivers over multiple spray events occurring in different years all proved significant. This suggests a predictive relationship between exposure of salmon smolts to Matacil 1.8D and subsequent declines in catch of adult fish.
In determining causality, an appropriate time order is essential, with the cause preceding the effect. In the rivers we examined, reductions occur after discrete exposures in 16 of the 19 cases, and in 9 of these cases the reductions in catch represented the lowest observed for the entire 11-year period. Thus, the weight of evidence suggests a general compliance with the time order criteria. The fact that some reductions in salmon populations are not specific to Matacil 1.8D exposure simply means that other factors can also contribute to low salmon returns. The degree to which the supposed cause and outcome coincide in their distribution is related to the strength of association. For the rivers examined, where a definite exposure could be assigned, there was a reduction in subsequent catch of returning salmon. This was apparent over broad geographic and temporal distributions of spray events in multiple rivers. Also, the largest reduction in catch is greater in rivers where the population had been exposed than in rivers where the largest reduction in 11 years was not linked to Matacil 1.8D exposure. This, along with the generally similar distribution of exposure and reductions, suggests a good association. In nature it is rare that any effect is solely associated with a particular cause.
This proves true in our situation, where reductions in salmon catch may also be a result of overfishing, disease, habitat degradation, predators, environmental conditions at sea, availability of food, etc. The lack of specificity of cause for our observed response (reduction in catch) is not uncommon and does not detract from our inference of causality.
The observed reductions in salmon catches have been recorded by different investigators, in different locations, and at different times following Matacil 1.8D spray events. This and reductions in blueback herring catch also coinciding with heavy Matacil 1.8D applications to the Miramichi in 1979 suggest a consistency of association, although the life-stage affected in blueback herring may differ. The plausibility of our hypothesis is consistent with the weight of evidence and does not conflict with general known facts, natural history, and biology of Atlantic salmon or the possible responses to Matacil 1.8D. Although experimental testing determining the effects of Matacil 1.8D on smolt survival have yet to be completed, our evidence implies that the 4-NP component of Matacil 1.8D may affect the smolting process and influence survival of the smolting age class. The exposure-response relationship between area sprayed and salmon catches for the 1977 smolt class in the tributaries of the Restigouche River system also suggests a strong coherence. Potential mechanism of effect. The discussion of potential mechanisms is limited by our current lack of experimental data about the effects of Matacil 1.8D on salmon smolts. However, some speculation about plausible mechanisms is essential to the development of testable hypotheses. Smoltification is a highly demanding time for young salmon and additional stressors could prove serious, as the process of moving to saltwater and subsequent survival is both energetically and metabolically demanding (8, 9, 31) . Smoltification is a complex developmental process occurring in association with changes in the activity of several hormonal systems, including reproductive steroids, that facilitate the physiological processes necessary for sea water acclimation (66, (70) (71) (72) as well as home stream memory (10, 73) . Thus, effects of Matacil 1.8D could range from an altered chemical perception of home stream odor to direct or indirect effects on smolt growth or hypo-osmoregulatory ability.
Aminocarb is a broad-spectrum carbamate insecticide that exerts its toxic effect by inhibiting cholinesterase enzymes. The LC50 (concentration required for 50% mortality) of waterborne aminocarb to juvenile Atlantic salmon (Salmo salar) was found to be 8,700 pg/l in a static test (74) . During forest spray operations, mean concentrations of aminocarb in flowing water were well below the LC50, reaching 10 pg/l within 4 hr of spraying, while peak concentrations measured in standing water were up to 331 pg/l ( (76) (77) (78) .
Due to its low log KR (1.85) and its rapid dissipation, aminocarb would not be expected to accumulate efficiently in fish (4). Aminocarb concentrations were probably not high enough to produce effects. This is consistent with finding no association between reduced salmon catch and use of the Matacil 1.8F formulation that did not contain 4-NP.
4-NP is a part of the basic molecular structure of a family of compounds called alkylphenol polyethoxylates (APEO), which are surfactants in use throughout the world for a variety of purposes (79) . 4-NP and some closely related 4-nonylphenol ethoxylates and carboxylates are found in effluents from secondary treatment facilities and municipal sewage treatment plants (79) (80) (81) . 4-NP is bioaccumulative once in the aquatic environment (3, 7, 82) . The LC50 of 4-NP to Atlantic salmon juveniles was 900 pg/l in a static test (74) and 130 pg/l in a 96-hr flowthrough test (2:). Because Matacil 1.8D contained 4-NP as a primary solvent, at 2.6 times the weight of the active ingredient aminocarb, it is not unreasonable to assume that environmental concentrations of 4-NP could be 2.6 times higher than the concentrations reported for aminocarb. Ernst at al. (83) measured both aminocarb and 4-NP in three water samples from a lake in northern New Brunswick and found 4-NP concentrations were over 3 times the concentration of aminocarb in all samples. Given the reported aminocarb levels (see Table 7 ), environmental levels of 4-NP would be expected to reach at least 20 pg/l within 4 hr of application and show peak levels in standing water of >800 pg/l. Holmes and Kingsbury (6) report on a single simulated operational spray of 4-NP, without aminocarb, at the maximal annual dosage. They found a 4-NP concentration of 9 pg/I present in running water 1 hr after spray, which declined to 2 pg/l after 4 hr. The concentration of 4-NP was 1,100 pg/I in standing water behind a beaver dam at 4 hr after spray, and was still 12 pg/I the next day. Chronic waterborne exposures of 4-NP in the 1-20 pg/l raiige produced effects on growth (84) and induced vitellogenin production (3) in salmonids. Waterborne 4-NP is rapidly taken up and distributed throughout the body in salmonids (85) , and studies by Table 7 ). Although considered weakly estrogenic, the ED50 (effective dose required for the desired end point) for estrogenic potency of 4-NP of about 16 pM (2) in salmonid hepatocytes is also equivalent to 3.5 mg 4-NP/kg tissue. Thus, it seems plausible that the aerial spray of Matacil L.8D produced levels of 4-NP sufficient to initiate estrogenic responses in exposed salmonids.
The known antagonistic effects of exogenous gonadal steroids on smoltification may represent one mechanism whereby xenoestrogens may influence subsequent returns of salmon. Recently, several studies (86) (87) (88) (89) (90) (91) showed that smoltification and sea water adaptability are impaired by exogenous treatments with reproductive steroids. While there was a difference in relative potency, Madsen et al. (68) also showed that 4-NP and 17f-estradiol exhibit qualitatively similar inhibitory effects on smoltification and the (83) found that on average the ratio of aminocarb to nonylphenol in environmental samples is 3.26:1.
Environmental Health Perspectives * Volume 107, Number 5, May 1999 hypo-osmoregulatory physiology of Atlantic salmon. Differences between these laboratory studies and fish exposed via the aerial spray program indude amount, route, and relative duration of exposure. In the previously described laboratory studies, exogenous steroid and 4-NP treatments were by injection, implants, or dietary exposure to high doses. The inhibitory effects of environmentally representative waterborne concentrations of 4-NP on smoltification and the hypoosmoregulatory physiology of Atlantic salmon awaits experimental demonstration. It may be significant, however, that mortality from 43 to 60% was reported in two studies in which smolts were exposed to reproductive steroids and subsequently given a sea water challenge (89, 91) . Other organisms undergoing major developmental or metamorphic processes may also be at risk. Gonadal hormones have been shown to inhibit the induction of metamorphosis in amphibian tadpoles in vivo (92) , and a field study with operational Matacil showed retarded development in exposed tadpoles (93) . This paper is significant because it demonstrates a relationship between chemical use and salmon catch, which could potentially affect the sustainability of the salmon fishery. While the study provides epidemiological evidence that past use of Matacil 1.8D was related to lower abundance of Atlantic salmon, mediating mechanisms should be determined. This study also develops broader questions about possible impacts on present day stocks of anadromous fish that deserve further attention. Although Matacil 1.8D is no longer used, recent papers have speculated that 4-NP could have effects on fish in the environment under current exposure patterns (3, 65, 68) . The estimated levels of 4-NP present after forest spraying fall in the same range as those currently foind in pulp mill discharges, industrial effluents, and municipal sewage outfalls (79) . If the effects exerted by Matacil 1.8D are due to the estrogenic potential of the 4-NP formulation, then estrogenic activity stemming from other sources, i.e., domestic sewage, agricultural waste, or phytoestrogens from pulp mills, might also influence present day salmon populations.
